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1 In trodu ction
Following th e  discovery of a new p artic le  w ith  a m ass of approx im ate ly  125 GeV by the  
ATLAS and  CMS C ollaborations a t th e  Large H adron  Collider (LHC) [1, 2], th e re  has been 
an  extensive effort to  m easure its p roperties  and  com pare th em  w ith  theo re tica l predictions 
for th e  S tan d ard  M odel (SM) Higgs boson.
A m ong th e  Higgs boson p rod u c tio n  m odes still to  be explored, th e  H 7  m ode has 
received a tten tio n  for its in teresting  phenom enology [3 , 4], in which th e  ad d ition  of th e  
high-energy p h o ton  reorders th e  usual h ierarchy of Higgs boson p rod u c tio n  cross sections. 
E xperim en ta l m easurem ents are needed to  s tu d y  th e  SM predic tions and  to  probe for signs 
of new physics beyond th e  SM th a t  affect th is  p rod u c tio n  m ode, which also has po ten tia l 
as a clean signatu re  for unexpected  or invisible Higgs boson decays.
T he exclusive final s ta te  H 7  is fo rbidden in gluon-gluon fusion (ggF) by F u rry ’s th eo ­
rem  [5], b u t th e  H y  system  m ay be produced  in recoil aga inst a je t. C on tribu tions from  as­
sociated  W H  and  Z H  p rod u c tio n  are sim ilar in size to  th e  h igher-order con tribu tions from  






F ig u re  1. Representative leading-order Feynman diagrams for Higgs boson production via vector- 
boson fusion in association with a photon (left) and the dominant non-resonant bbyjj background 
(right).
boson or from  a sca tte rin g  q u ark  th a t  showers in to  a je t ( j ) .  V B F  is th e  d om inan t p roduc­
tio n  m ode for H 7 , as its cross section is tw ice as large as th a t  of all o th er m odes com bined.
To select th e  V B F p roduc tion  m ode in particu la r, a search has been developed in 
th e  H q j j  final s ta te , w ith  an  add itiona l phase-space cu t on th e  je t- je t invarian t m ass. To 
m axim ize th e  experim ental sensitiv ity  to  th is final s ta te , th e  search focuses on th e  dom inan t 
H  ^  bb decay. A previous V B F H ( ^  bb)q search by th e  ATLAS C ollaboration  w ith  
31 fb - 1  of 13TeV  d a ta  rep o rted  a signal s tren g th  m easurem ent, defined as th e  p roduction  
ra te  re la tive to  th e  SM cross section, of ^ VBF =  2.5 ±  1.9 and  an observed (expected) Higgs 
boson signal significance of 1 .4a (0 .6a) [6 ]. A com plem entary  V B F H ( ^  bb) search by th e  
ATLAS C ollaboration  in an  all-hadronic signature, w ith o u t th e  associated  photon , repo rted  
an  observed (expected) Higgs boson signal significance of 1 .4a (0 .4a) in th e  sam e d a ta se t [6 ].
In  th e  tim e since th a t  search was repo rted , extensive stud ies of Higgs p rod u c tio n  w ith ­
o u t an  associa ted  p ho ton  by th e  ATLAS and CMS C ollaborations have now accum ulated  
s trong  evidence for th e  V B F p rod u c tio n  m ode and  for th e  H  ^  bb decay. T he ATLAS Col­
lab o ra tio n  has com bined several m easurem ents m ade w ith  up  to  79.8 fb - 1  of 13TeV  d a ta  
to  yield ^ VBF =  1 .2 1  ±  0.23, com patib le  w ith  th e  com bined CM S m easurem ent of ^ VBF =  
0.73 ±  0.28 m ade w ith  up to  3 5 .9 fb - 1  [7 , 8 ]. B o th  th e  ATLAS and CM S C ollaborations 
have observed th e  H  ^  bb decay m ode, w ith  significances of 6 .7 a  and  5 .6a respectively, in 
decay signatu res d om inated  by con tribu tions from  W H  and Z H  p ro d u c tio n  [9 , 10].
N evertheless, th ere  are several in teresting  effects th a t  m otiva te  tes tin g  th e  SM predic­
tions w ith  a m easurem ent of H q j j  p roduction . F irs t, a un ique featu re  of th is  p roduc tion  
m ode is th a t  con tribu tions from  Z  boson fusion are suppressed, due to  d estru c tiv e  in ter­
ference betw een m a trix  elem ents for in itial- and  final-sta te  rad ia tion . T his featu re  allows 
a m ore d irec t m easurem ent of Higgs boson p rod u c tio n  th ro u g h  W  boson fusion. Second, 
th e  sam e in terference also suppresses th e  d om inan t m u ltije t non-resonant b b q jj background 
shown in figure 1, im proving th e  expected  sensitiv ity  to  Higgs boson p roduction . T h ird , th e  
presence of an  isolated high-energy pho ton  can  be used to  define efficient trigger algorithm s 






T his p ap e r rep o rts  th e  resu lt of a search for H 7  p roduc tion  and  subsequent H  ^  bb 
decay, w ith  a focus on th e  phase space dom inated  by th e  V B F process, using th e  full R un  
2 d a ta se t. In  th is  phase space, th e  m ain  backgrounds are non-resonant b b y jj p roduc tion  
and  resonan t Z b b ) y j j  p roduction . K inem atic  event p roperties  are used in a boosted  
decision tree  (B D T ) to  classify signal and  background events, and  th e  B D T  o u tp u t defines 
a series of increasingly signal-rich event categories. T he Higgs boson p roduc tion  ra te , 
defined relative to  th e  SM predic tion , is ex trac ted  from  a sim ultaneous fit to  th e  Higgs 
boson can d id a te  m ass d is trib u tio n  in m ultip le  event categories.
2 A TLA S d etector
T he ATLAS experim ent [11] a t th e  LH C is a m ultipurpose partic le  d e tec to r w ith  a cylin­
drical geom etry  th a t  covers nearly  th e  en tire  solid angle a round  th e  collision p o in t . 1 It 
consists of an  inner track ing  d e tec to r su rrounded  by a th in  superconducting  solenoid, elec­
tro m ag n e tic  and  hadron ic calorim eters, and  a m uon spec trom eter inco rporating  th ree  large 
superconducting  to ro idal m agnets.
T he inner track ing  d e tec to r covers th e  pseudorap id ity  range |n| <  2.5. I t  consists of 
silicon pixel, silicon m icrostrip , and  tran s itio n  rad ia tio n  track ing  detec to rs im m ersed in a 
2 T  axial m agnetic  field. O ne significant upgrade for th e  y / s  =  13 TeV ru n  is th e  insertab le  
B -layer [12, 13], an  add itional pixel layer close to  th e  in te rac tio n  point.
T he ca lo rim eter system  covers th e  pseudorap id ity  range |n| <  4.9. W ith in  th e  region 
|n| <  3.2, elec trom agnetic  ca lo rim etry  is provided by barrel and  endcap  h igh-granu larity  
lead /liq u id -arg o n  (LAr) calorim eters, w ith  an  add itional th in  L A r p resam pler covering 
|n| <  1.8 to  correct for energy loss in m ateria l upstream  of th e  calorim eters. H adronic 
ca lo rim etry  is provided by th e  stee l/sc in tilla to r-tile  calorim eter, segm ented in to  th ree  b a r­
rel s tru c tu re s  w ith in  |n| <  1.7, and  tw o co p p e r/L A r hadron ic endcap  calorim eters. T he 
solid angle coverage is com pleted  w ith  forw ard co p p e r/L A r and  tu n g s te n /L A r calo rim eter 
m odules optim ized for elec trom agnetic  and  hadron ic m easurem ents, respectively.
T he m uon sp ec tro m eter consists of fast de tec to rs for triggering  and  high-precision 
cham bers for track ing  in a m agnetic field generated  by superconducting  air-core toroids. 
T he field in tegral of th e  to ro ids ranges betw een 2.0 and  6.0 T  m across m ost of th e  detec to r.
A two-level trigger system  selects events for offline analysis. E vents th a t  m atch  prede­
fined trigger signatu res are selected by th e  first-level trigger system  im plem ented in custom  
hardw are. A subset of those events are selected by software algorithm s im plem ented in th e  
high-level trigger [14]. T he first-level trigger accepts events from  th e  40 M Hz bunch  cross­
ings a t a ra te  below 100 kHz, and  th e  high-level trigger reduces th e  ra te  in order to  record 
events to  disk a t ab o u t 1 kHz.
"ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in
the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre 
of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, 0) are used in the transverse 
plane, with 0 being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the 
polar angle 6  as n =  — lntan(6/2). The rapidity is defined as y =  0.5 ln[(E +  p z )/(E  — p z )], where E  denotes 
energy and p z is the component of the momentum along the beam direction. Angular distance is measured 






3 D a ta  and sim ulated  events
T his search uses LH C p ro to n -p ro to n  collision d a ta  a t a centre-of-m ass energy of 13TeV  
collected w ith  th e  ATLAS d e tec to r from  2015 to  2018. T his full R u n  2  d a ta se t, w ith  the  
analysis-specific triggers available, corresponds to  an  in teg ra ted  lum inosity  of 132 fb - 1 .
S im ulated  events are used for signal m odelling, B D T  tra in ing , and  determ in ing  th e  
functional form  used to  describe th e  background shape. T he H y j j  signal events were gen­
e ra ted  a t nex t-to -lead ing  o rder (NLO) in a S w ith  MADGRAPH5_aMC@NLO v2.6.2 [15], 
using th e  PD F4L H C 15 p a rto n  d is trib u tio n  function  (P D F ) set [16], and  passed to  H e r -  
w ig  7.1 for p a r to n  showering and  had ron ization  using p aram ete r values from  th e  H e rw ig  
defau lt tunes [17, 18]. T his sam ple of events can  effectively be regarded as V B F H 7  signal 
because th e  co n trib u tio n  from  V H  p roduc tion  is less th a n  0.5% of th e  to ta l a fte r event 
selection. Higgs boson p rod u c tio n  from  ggF, w ith  Higgs decay in to  bb, was sim ulated  a t 
nex t-to -nex t-to -lead ing  o rder w ith  P o w h e g - B o x  v2 [19- 21], using th e  C T10 P D F  set [22] 
and  P y t h i a  8.212 [23] for p a r to n  showering and  fragm en tation  w ith  th e  AZNLO tu n ed  p a­
ram e te r set [24]. C on tribu tions from  th e  i iH  process are estim ated  from  P o w h e g - B o x  v2 
sim ulation  in terfaced w ith  P y t h i a  8.230.
B ackground events contain ing  tw o b-jets from  th e  decay of a Z  boson, a photon , and  two 
add itiona l je ts  were generated  a t leading order (LO) w ith  MADGRAPH5_aMC@NLO v.2.3.3 
and  P y t h ia  8.210, in sep ara te  sam ples for s trong  (Q CD ) and  electrow eak (E W K ) pro­
cesses. T he d om inan t source of background events is non-resonant QCD  prod u c tio n  of a t 
least tw o b-jets, tw o o th er je ts , and  a photon . E ven though  th e  co n trib u tio n  from  these 
events is m odelled w ith  a functional form , a sam ple of sim ulated  events is used to  tra in  th e  
B D T . T his tra in in g  sam ple was produced by generating  th e  b b y jj final s ta te , excluding 
d iagram s con tain ing  on-shell H  or Z  bosons, a t LO w ith  MADGRAPH5_aMC@NLO v2.3.3 
using th e  PD F4L H C 15 set of P D F s and  in terfaced to  P y t h ia  8.210 for p a r to n  showering 
and  hadron ization . T he A14 set of tu n ed  p aram eters  was used for th e  underly ing-event 
descrip tion  w ith  th e  N N PD F2.3L O  P D F  set [25]. A large sam ple of non-resonant b b y jj 
background events was also produced  w ith o u t p a r to n  showering for th e  background m od­
elling stud ies described in section 7 . For th is  sam ple, a param eterized  je t  energy response 
function  is used to  sm ear th e  je t  transverse  energy d is trib u tio n  to  m atch  th e  d a ta .
C erta in  sim ulation  configurations are com m on to  all sam ples. T he decays of b o tto m  
and  charm  hadrons were perform ed by E v t G en  [26]. M inim um -bias events were sim ulated  
using th e  P y t h ia  8.210 g enera to r w ith  th e  N N PD F2.3L O  P D F  set and  th e  A3 p aram ete r 
tu n e  [27]. A num ber of these events, varying in accord w ith  th e  lum inosity  profile of th e  
recorded d a ta , were overlaid on th e  h a rd -sca tte r in teractions to  m odel pile-up con tribu tions 
from  b o th  th e  sam e bunch crossing and  neighbouring bunch crossings. T he response of th e  
ATLAS d e tec to r to  th e  generated  events was th en  m odelled using a full sim ulation of th e  






4 O bject selection
T he event selection builds on s tan d a rd  ATLAS reconstruction  algorithm s for je ts , photons, 
and  leptons. T he leptons —  electrons and  m uons —  are identified only for th e  purpose of 
vetoing events w ith  leptons to  preserve o rthogonality  w ith  o th er ATLAS m easurem ents.
Je ts  are reconstructed  from  three-d im ensional positive-energy topological clusters of 
ca lo rim eter energy deposits ca lib ra ted  to  th e  electrom agnetic  scale [30]. T hese clusters 
are in p u ts  to  th e  an ti-k t je t  reconstruction  algorithm  [31, 32] w ith  a rad ius p aram ete r 
of R  =  0.4. To suppress je ts  o rig inating  from  pile-up vertices, a likelihood-based je t 
vertex  tagger (JV T ) [33] is applied to  je ts  w ith  transverse  m om enta  p T <  120 GeV and 
|n| <  2.5. A pile-up su b trac tio n  algorithm  fu rth e r reduces pile-up con tribu tions to  th e  
je t  energies [34]. T hese je t  energies are ca lib ra ted  w ith  M C -derived correction  factors, 
including y-dependen t ca lib ra tions to  ensure consisten t je t energy m easurem ents in th e  
cen tra l and  forw ard regions of th e  experim ent [34]. T he je t  energies are fu rth e r corrected  
using da ta-derived  ca lib ra tions based on th e  p T balance betw een je ts  and  reference objects, 
such as Z  bosons, photons, or high-energy je ts .
T he M V2c10 m ultivaria te  b-tagging algorithm  [35] tags b-jets (jets con tain ing  b- 
hadrons) w ith in  th e  track er acceptance. I t  uses log-likelihood ra tio s from  two- and  th ree ­
dim ensional im pact p a ram eter d istribu tions, secondary  and  te r tia ry  vertex  inform ation, 
and  th e  je t  p T and  n, as in pu ts  to  a B D T . T he requirem ent on th e  B D T  o u tp u t corre­
sponds to  a per-jet b-tagging efficiency of 77%, as m easured in sim ulated  t t  events for b-jets 
w ith  p T >  20 GeV and  |n| <  2.5, and  c-jet and  light-flavour-jet efficiencies of 25% and
0.9%, respectively. Scale factors are applied to  account for efficiency differences betw een 
sim ulated  events and  d a ta  [35- 37].
P h o to n  and  electron reconstruction  begins w ith  clusters of calo rim eter energy de­
posits [38]. C lusters w ith o u t any m atch ing  track  or conversion vertex  are identified as 
unconverted  photons, while clusters w ith  a m atch ing  conversion vertex  reconstructed  from 
one or tw o tracks are identified as converted photons. C lusters w ith  a m atch ing  track , 
re-fitted  to  account for b rem sstrah lung , are identified as electrons. C alo rim eter and  track  
in form ation  for each pho ton  or electron can d id a te  is used to  co n stru c t m u ltivaria te  d iscrim ­
inan ts  for identification, and  ‘t ig h t’ selections are applied  to  b o th  th e  photons and  electrons. 
To suppress hadron ic background, fu rth e r isolation requirem ents are op tim ized w ith  sim ­
u la ted  t t  events [38]. For pho ton  cand ida tes, th e  calo rim eter isolation variable ET° is th e  
sum  of th e  transverse  energies of topological c lusters reconstructed  in th e  electrom agnetic 
and  hadron ic calorim eters in a cone of size A R  =  0.4 around  th e  pho ton  cand ida te , w here 
th e  A n  x A 0  region of size 0.125 x 0.175 around  th e  p h o ton  c lu s te r’s cen tro id  is excluded. 
T he isolation requirem ent, w hich depends explicitly  on th e  pho ton  transverse  energy E T , is 
ET° <  2.45 GeV +  0.022 x E T . For electron  cand ida tes, b o th  track- and  calorim eter-based  
iso lation is required . T he track-based  isolation requirem ent is a function  of th e  electron 
transverse  m om enum  pT and  is based on th e  tracks w ith in  a cone of p ^ -d ep en d en t size up 
to  A R  =  0.2 around  th e  electron can d id a te  [38]. T he calorim eter-based  isolation requires 






M uons are reconstructed  by com bining inner d e tec to r tracks, w here available, and 
m uon sp ec tro m eter tracks up to  |n| =  2.7. T hey  m ust satisfy  th e  ‘loose’ identification 
crite ria  [39]. Identified m uons m ust be isolated from  o th er tracks, w ith  a to ta l sum m ed 
track  p t  less th a n  1.25 GeV in a cone of A R  =  0.2 around  th e  m uon. O nly ‘loose’ muons 
w ith in  th e  coverage of th e  inner detec to r, |n| <  2.5, are used in th is  selection.
O verlap betw een identified photons, leptons, and  je ts  is rem oved w ith  th e  following 
p rocedure. F irs t, pho tons w ith in  A R  =  0.4 of any m uon or electron are rem oved. N ext, 
je ts  w ith in  A R  =  0.2 of any electron  are rem oved, and  electrons w ith in  A R  =  0.4 of any 
rem aining je ts  are removed. T hen , je ts  w ith in  A R  =  0.2 of any m uon are rem oved if fewer 
th a n  th ree  tracks are associated  w ith  th e  je t  or if b o th  pT >  0 .5 ^ ^  and  pT >  0.7 pT'a,ck, 
w here pT ack is th e  sum  of track  transverse  m om enta  associated  w ith  th e  je t. M uons 
w ith in  A R  =  m in(0.4, 0.04 +  10 G eV /pT ) of any rem aining je ts  are  removed. Finally, je ts  
w ith in  A R  =  0.4 of any pho ton  are removed.
5 E vent selection
T he event selection crite ria  are based on th e  ob ject reconstruction  algorithm s, w ith  ad ­
d itiona l event-level requirem ents to  select events com patib le  w ith  V B F  H y  production . 
T hese c rite ria  are sim ilar to  th e  event selection requirem ents in previous searches [6 ].
T he first-level trigger selection requires an  isolated  electrom agnetic  ca lo rim eter ob­
jec t —  th e  pho ton  —  w ith  E T  >  22 GeV. T he high-level trigger selects events in th e  
specific V B F -enhanced  phase space, defined by th e  following requirem ents. A n isolated 
reconstructed  pho ton  w ith  E T >  25 GeV is required  in add ition  to  a t least four je ts  w ith  
E t  >  35 GeV and |n| <  4.9. T he requirem ent th a t  a t least one pair of je ts  in th e  event has 
an  invarian t m ass g rea te r th a n  700 GeV ta rg e ts  th e  V B F phase space. For m ost of R u n  2, 
a 6-tagging  trigger algorithm  was used to  ensure th a t  a t least one je t  was 6-tagged a t th e  
77% efficiency w orking po in t [40].
A dditional selection requirem ents are placed on events th a t  pass th e  trigger selection. 
A t least one p h o ton  w ith  E T >  30 GeV in th e  regions |n| <  1.37 or 1.52 <  |n| <  2.37 
m ust m atch  th e  trigger photon . E vents m ust have a t least four je ts  satisfying p T >  40 GeV 
and  |n| <  4.5, w ith  a t least tw o je ts  in |n| <  2.5 passing th e  6 -tagging selection. T he two 
h ighest-pT 6 -tagged je ts  are  assum ed to  be from  th e  Higgs boson decay; th ey  are identified 
as 61 and  62 and  a t least one of th em  m ust m atch  a 6-tagged trigger-level je t  w hen th e  
6 -tagging  trigger algorithm  is used. D edicated  6 -jet energy corrections are  applied to  6 - 
tagged  je ts  to  im prove th e ir energy m easurem ent (scale and  resolution) [9]. T hey  equalize 
th e  response to  je ts  w ith  sem ileptonic or hadronic decays of heavy-flavour hadrons and 
correct for reso lu tion  effects. T his correction im proves th e  d i-6 -jet invarian t m ass 
reso lu tion  by 10%. From  th e  rem aining je ts , th e  je t  pair w ith  th e  h ighest invariant m ass is 
chosen as th e  V B F jets; th ey  are identified as j  1 and  j 2. R equiring  th is  invarian t m ass m jj 
to  be g rea te r th a n  800 GeV ensures full efficiency for th e  trigger m jj requirem ent. E vents 
con tain ing  identified and  isolated  electrons w ith  p T >  25 GeV and |n| <  2.47 or m uons w ith  







L1 >  1 pho ton  w ith  E t  >  2 2  GeV
HLT
>  1 pho ton  w ith  E T >  25 GeV
>  4 je ts  (or >  3 je ts  and  >  1 b-jet) w ith  E T >  35 GeV and  |n| <  4.9 
m j j  >  700 GeV
Offline
>  1 pho ton  w ith  E T >  30 GeV and  |n| <  1.37 or 1.52 <  |p| <  2.37
>  2  b-jets w ith  pT >  40 GeV and  |n| <  2.5
>  2  je ts  w ith  p T >  40 GeV and  |n| <  4.5 
m jj >  800 GeV
p T (bb) >  60 GeV
No electrons (pT > 2 5  GeV, |n| <  2.47) or m uons (pT >  25 GeV, |n| < 2 .5 )
T ab le  1. Trigger and offline event selection criteria for the H ( ^  bb)yjj signature. L1 and HLT 
refer to the first-level trigger and the high-level trigger, respectively.
T he je t p t  requirem ents in th e  trigger algorithm s and  offline event selection can  in­
tro d u ce  concavity  in th e  m bb d is trib u tio n , m aking it m ore difficult to  param eterize  w ith  
an  ana ly tic  function. T he concavity  is rem oved by requiring  th e  p t  of th e  di-b-jet system  
p T (bb) to  be g rea te r th a n  60G eV , a value th a t  was optim ized in th e  large MC sam ple of 
non-resonant b b y jj background events.
T he full list of trigger algorithm  and  offline event selection requirem ents, before th e  
event-level B D T  classification, is sum m arized in tab le  1.
6 M ultivariate analysis
An event-level B D T  classifies events as being signal-like or background-like, based on a 
set of k inem atic  variables selected to  optim ize th e  separation . T he in p u t variables are 
chosen to  ensure th e  B D T  o u tp u t d iscrim inan t shows low correlation  w ith  w ith  m bb to  
prevent d isto rtions of th e  m bb spectrum . T he following variables, ordered  by decreasing 
classification power [41], are used for th e  B D T  train ing :
1. A p ( j j ) ,  th e  pseudorap id ity  difference betw een th e  tw o V B F  jets;
2 . pTalance, th e  transverse  m om entum  balance for selected final-sta te  ob jects, defined as
pbalance =  |pT &1 +  pT &2 +  p T ^  +  pT j 2  +  pTY 1 ;
T pT1 + pT2 + pT1 + pT2 + pT ;
3. A R (b 1 ,y ) , th e  ang u lar d istance betw een th e  leading b-jet and  th e  photon;
4. m j j , th e  invarian t m ass of th e  tw o V B F jets;
5. A R (b 2 ,y ) , th e  ang u lar d istance betw een th e  subleading b-jet and  th e  photon;
6 . cen tra lity (y , j1 ,  j 2), th e  rap id ity  of th e  p ho ton  re la tive to  th e  V B F je t  rapidities, 
defined as
cen tra lity (y , j 1 , j 2 ) =
V _  yj i +yj 2 
VY 2






F ig u re  2. Comparisons of data and simulated event distributions of the BDT input variables Ay-- 
(left) and pk,alance (right) in the two m bb sidebands after kinematic reweighting of the non-resonant 
bbyjj background. The data are shown as black points, and the background contributions are 
stacked in coloured histograms. The Higgs boson signal contribution is scaled up and represented 
by the dashed red line. The bottom  panel in each plot shows the ratio of the data to the SM 
prediction, where the uncertainty band corresponds to  the statistical uncertainty only.
7. A0(bb, j j ) ,  th e  az im uthal angle difference betw een th e  di-b-jet system  and  th e  V B F 
je t  system ;
8 . p j , th e  transverse  m om entum  of th e  V B F je ts  system ;
9. cos 9, th e  cosine of th e  angle betw een th e  V B F je ts  p lane and  b-jets p lane in th e  
centre-of-m ass fram e of th e  b b jj system ;2 and
10. A R ( b 1 , j  1), th e  an g u lar d istance betw een th e  leading b-jet and  th e  leading V B F je t.
T he H y j j  signal sam ple and  th e  non-resonant b b y jj background sam ple are used for 
th e  B D T  tra in in g  in th e  TM VA package [41]. To im prove agreem ent betw een th e  LO non­
resonan t b b y jj sim ulation  and d a ta , ana ly tic  correction  functions are fit in th e  m ass side­
bands (m bb <  100 GeV and m bb >  140 GeV ). T hey  are based on da ta-to -M C  ratios of th e  
d is trib u tio n s  for several relevant observables and  are used to  reweight th e  sim ulated  events. 
T he overall norm alization  is also corrected  to  m atch  th e  d a ta  in th e  m ass sidebands. T his 
procedure is applied sequentially  to  th e  d is trib u tio n s of A j , m in[A R (b1, y ), A R (b 2 ,y )], 
and  pTalance, resu lting  in corrections th a t  are typ ically  less th a n  10%. T he d istrib u tio n s 
of th e  o th e r uncorre la ted  in p u t variables are no t significantly affected by th e  rew eighting. 
C om parisons of th e  d a ta  and  MC d is trib u tio n s  for th e  two m ost powerful classification 
variables, a fte r th e  rew eighting procedure, are shown in figure 2 .
2This angular variable is sensitive to the spin of the particle decaying into bb. It helps discriminate Higgs 






F ig u re  3. BDT output discriminant distributions for the H y j j  signal and non-resonant bbyjj 
background samples. The distributions from the signal and background samples are shown as blue 
and red hatched histograms, respectively. The vertical dashed lines represent the boundaries of the 
event categories, defined by the BDT output discriminant.
T he B D T  o u tp u t d iscrim inan t is used to  define th ree  signal categories: H ighB D T, 
M edium B D T , and  Low B D T. T he boundaries of th e  th ree  categories are defined sequen­
tia lly  from  H ighB D T  to  Low B D T by m axim izing th e  com bined V B F Higgs boson signal 
significance across categories. T he B D T  o u tp u t d is trib u tio n s  for th e  signal and  background 
sam ples w ith in  th e  th ree  categories are shown in figure 3 .
7 Signal and background m odelling
T he m ain  sources of background co n trib u tin g  to  th e  b b y jj final-sta te  s ignatu re  are divided 
in to  processes w ith  th e  decay of a m assive gauge boson in to  b-tagged je t  pairs and  p ro­
cesses w ith  non-resonant b-tagged je t pairs. T he resonan t background is dom inated  by 
Z  ( ^  bb) y  j  j , w ith  a negligible co n trib u tio n  from  W y j j .  T he non-resonant background is 
dom inated  by m ultije t b b y jj p roduction , w ith  sm all con tribu tions from  t ty  and  single-top 
events. T he expected  con tribu tions from  th e  d om inan t signal and  background processes 
are collected in tab le  2 .
To ex tra c t th e  Higgs boson p roduc tion  ra te  from  fits to  d a ta , th e  signal and  dom inan t 
backgrounds —  th e  resonan t Z y j j  and  non-resonant b b y jj con tribu tions —  are p a ram ete r­
ized w ith  ana ly tic  functions derived from  sim ulated  events or d a ta  sideband regions. T he 







C ategory Low BD T M edium B D T H ighB D T
B D T  O u tp u t ( -0 .2 2 , 0.15) (0.15, 0.48) (0.48,1)
V B F + V H 11.31 ± 0 .1 2 21.07 ± 0.17 18.33 ± 0.15
ggF 1.71 ± 0.41 1.08 ± 0.33 0.19 ± 0.13
t iH 0.75 ± 0.14 0.19 ± 0.03 0.05 ± 0 .0 1
Z y j j  EW K 8.50 ± 0.14 8.91 ± 0.14 5.37 ± 0 .1 1
Z y j j  QCD 15.9 ± 1.7 7.2 ± 1 .1 1.65 ± 0.52
N on-resonant b b y jj 2834 ± 42 1507 ± 33 322 ± 17




±  42 1545
1522
±  33 348
318
±  17
T ab le  2. D ata and expected yields for the Higgs boson signal, resonant Z y j j  and non-resonant 
bbyjj background processes, in the three categories defined by the BDT output discriminant. The 
event yields are calculated from simulated samples in the mass range 100 GeV < m bb < 140 GeV. 
The yields are shown with statistical uncertainties only because experimental and theoretical sys­
tem atic uncertainties, which depend on fits to data, are an order of magnitude smaller.
F ig u re  4. Comparison of the Bukin function parameterizations, normalized to unit area, of the 
m bb distributions for H y j j  events (left) and Z y jj  events (right) in the three BDT categories, along 
with the mean and sigma values for the three fitted functions.
T he Higgs boson signal m bb d is trib u tio n  is m odelled w ith  a B ukin  function  [43], p a ram ­
eterized using th e  sim ulated  sam ples independen tly  in each of th e  th ree  event categories 
defined by th e  B D T  o u tp u t, as shown in figure 4 . A m ong th e  possible functions, th e  B ukin  
function  showed th e  best fit quality, as gauged by fit residuals across th e  m ass range. W ith  
th is  function, th e  residuals follow a norm al d is trib u tio n  ab o u t zero. T he resonant Z y j j  
background is also described w ith  th e  sam e B ukin  function  using independen t param eters  
in each of th e  th ree  B D T  categories.
T he m odel for th e  non-resonant background is te s ted  and  largely determ ined  using 
th e  d a ta  sidebands ou tside th e  m ass w indow  100 GeV <  m bb <  140 GeV. Several different 






power-law functions. T he p o ten tia l bias arising from  th e  fitting  procedure, term ed  ‘spurious 
signal’, is e s tim ated  by perform ing signal-plus-background fits over th e  full m ass range 
in th e  large sim ulated  sam ple of non-resonant 6 6 Y jj background events. T he polynom ial 
function, w ith  tw o term s (first-order) for th e  H ighB D T  region or th ree  te rm s (second-order) 
for th e  M edium B D T  and  Low B D T regions, has th e  sm allest bias am ong th e  tes ted  functions 
and  is therefore chosen for th e  background tem p la te  in th e  fit. T he s tan d a rd  F -tes t is used 
as a confirm ation  check, assessing th e  significance of decreases in th e  reduced x 2 value 
as th e  o rder of th e  background-only  polynom ial fit to  th e  d a ta  sidebands is increased. 
T he spurious-signal uncertain ty , evaluated  separate ly  in each B D T  region as th e  m axim um  
of th e  fitted  spurious signal and  th e  M C s ta tis tica l u n ce rta in ty  of th e  non-resonant 6 6 Y jj 
background, is included as a system atic  u n ce rta in ty  in th e  signal yield. T he spurious signal 
is tre a ted  in th e  sam e way w hen Z Y jj is tre a te d  as signal.
8 S ystem atic  uncerta in ties
System atic  uncerta in ties  in th e  Higgs boson p roduc tion  ra te  arise from  choices of m odelling 
and  fittin g  m ethods —  such as th e  spurious-signal uncerta in ties —  and  from  un ce rta in ­
ties in th e  event reconstruction  or cross-section calculations. T hey  are sum m arized in 
tab le  3 to g e th er w ith  th e  s ta tis tica l uncerta in ties calcu lated  using th e  m ethods described 
in section 9 . T he system atic  uncerta in ties for th e  background and  signal con tribu tions are 
divided in to  experim ental and  theo re tica l uncertain ties. T hey  affect only th e  signal and 
background predictions th a t  are based on sim ulation; th ey  do  no t affect th e  non-resonant 
background estim ate , w hich is derived from  th e  d a ta  only. T he uncerta in ties are p ropa­
g a ted  th ro u g h  th e  event selection and  th e  B D T  classification to  th e  tem p la te  d istribu tions. 
T hey  m odify th e  shape and  nom inal norm aliza tion  of th e  Higgs boson signal process. How­
ever, th ey  m odify only th e  shape of th e  resonan t Z y background, as its  norm alization  is 
derived from  th e  m bb fits in each ca tegory  separately. In  general, th e  im pact of th e  signal 
shape uncerta in ties on th e  final Higgs boson m easurem ent is sm aller th a n  th e  im pact of 
th e  experim ental system atic  uncertain ties.
O th er uncerta in ties are re la ted  to  factors in th e  full m bb fit, such as th e  u ncerta in ty  
in th e  Z y  norm alizations (‘Z  boson n o rm aliza tions’ in tab le  3) . T he uncerta in ties in th e  
6 6 Y jj background re la te  to  th e  fitted  shapes (‘Bkg. fit sh ap es’) and  norm alizations (‘Bkg. 
fit n o rm aliza tions’).
8.1 E xp er im en ta l u n certa in ties
T he u n ce rta in ty  in th e  com bined 2015-2018 in teg ra ted  lum inosity  is 1.7% [44], ob ta in ed  us­
ing th e  LU CID -2 d e tec to r [45] for th e  p rim ary  lum inosity  m easurem ents. T his u n certa in ty  
is applied to  all con tribu tions es tim ated  from  sim ulated  sam ples alone.
T he d om inan t je t-re la ted  uncerta in ties for th e  m bb reconstruction  are th e  je t energy 
scale (JE S) and  je t  energy resolution (JE R ) uncerta in ties. T hese are determ ined  by p T- 
balancing  m ethods in d a ta  [34], and  th e  effect on th e  m ass spec trum  is determ ined  by 






un ce rta in ty  p aram eters  are considered in ca lcu lating  th e  effects. T he system atic  uncer­
ta in ty  in th e  JV T  is es tim ated  by varying th e  tagger efficiency w ith in  its  uncerta in ties. All 
of these je t  uncerta in ties are  sum m arized in th e  ‘J e t ’ line of tab le  3 .
T he uncerta in ties re la ted  to  b-tagging je ts , covering th e  trigger-level b-tagging efficien­
cies and  th e  offline b-tagging efficiency d a ta-to -s im u la tio n  scale factors, are im plem ented as 
varia tions of th e  event-w eight scale factors. T hey  are determ ined  from  d a ta  using t t  events, 
W  boson decays in to  hadrons, and  m ultije t d a ta  [35- 37]. T he event weight is calcu lated  
from  th e  p ro d u c t of th e  b-tagging scale factors for th e  tw o b-jets in th e  event.
A dditional uncerta in ties are re la ted  to  th e  pho ton  energy m easurem ent and  recon­
stru c tio n  efficiency [38]. T he m easurem ent is only w eakly sensitive to  th e  p ho ton  energy; 
therefore a sim plified tw o-param eter m odel is used to  cap tu re  th e  effect of varia tions in th e  
energy scale and  resolution. T he efficiency varia tions considered are due to  electrom agnetic 
shower shape varia tions and  isolation calcu lations. System atic  uncerta in ties from  electron 
and  m uon selections are negligible and  are therefore ignored.
8.2  T h eo retica l u n certa in ties
T he theo re tica l uncerta in ties on th e  SM calcu lations of th e  to ta l Higgs boson p roduction  
ra te s  are relevant in th e  d e term in a tio n  of th e  relative ra te  of H y j j  events com pared  to  
th e  SM expecta tion . T he H  ^  bb branching  ra tio  u n ce rta in ty  follows th e  recom m endation  
of th e  LHC Higgs Cross Section W orking G roup, including th e  u n ce rta in ty  in th e  b-quark 
m ass [46]. C ross-section uncerta in ties due to  th e  choice of renorm alization  and  facto rization  
scales are es tim ated  by varying th e  choice of b o th  scales up and  dow n by factors of two 
independently . T he largest varia tion  in each B D T  classification category  is used to  define 
th e  uncertain ty . S im ilar uncerta in ties are calcu lated  for th e  set of P D F  varia tions defined by 
th e  eigenvectors of th e  PDF4LHC15_nlo_m c_pdfas set. T he im pact on signal norm alization  
is evaluated  a t th e  reconstruction  level afte r th e  event selection, and  an  overall u n certa in ty  
is derived following th e  P D F 4L H C  recom m endation  [16]. U ncertain ties in th e  H er w ig  7 
p a r to n  shower are es tim ated  by varying th e  ‘H ardS caleF ac to r’ p aram ete r by factors of two 
and  com paring th e  resu lting  acceptances [18].
9 F it resu lts for H iggs boson  production
T he Higgs boson signal s tren g th  is defined relative to  th e  to ta l SM pred ic tion  for H y j j  
p roduction , and  th e  V B F signal s tren g th  ^ v bf  is defined re la tive to  th e  V B F co n tribu tion  
only. T hey  are ex trac ted  from  an unbinned  ex tended  m axim um -likelihood fit to  th e  di-b- 
je t  invarian t m ass d is trib u tio n  in all th ree  B D T  classification categories. T he likelihood 
is defined as a p ro d u c t of global Poisson d is trib u tio n s  w ith  event-by-event probabilities 
determ ined  from  th e  signal-plus-background m odel and  th e  co n stra in ts  for system atic  un ­
certa in ties, im plem ented as nuisance p aram eters . T he nuisance p aram eters  control th e  
effects of th e  system atic  uncerta in ties  and  are param eterized  by G aussian  or log-norm al 
priors. E ach p rio r’s definition constra ins its nuisance p a ram ete r to  th e  nom inal value w ith in  






F ig u re  5. The m bb distributions in the three event categories, overlaid with contributions from the 
H y jj  signal as well as the resonant Z y j j  and non-resonant bbyjj background fits. The combined 
X2 per degree of freedom is 45.2/45. The bottom  panel in each plot presents the significance of the 
Higgs boson signal relative to the non-resonant bbyjj background in each bin, calculated using a 
Poisson model [47].
T he Higgs boson signal s tren g th  is th e  single p aram ete r of in terest, com m on to  all 
th ree  categories, while th e  Z y j j  co n trib u tio n  s tren g th  is fit as th ree  sep a ra te  param eters, 
uncorre la ted  across th e  categories. U sing th ree  Z y j j  p aram eters  allows for different rela­
tive con tribu tions of QCD and E W K  processes in th e  th ree  categories. T he uncorrelated  
p aram eters  describ ing th e  non-resonant b b y jj background are allowed to  float during  th e  
fit to  o b ta in  th e  best independen t descrip tion  of th e  background in each category. T he 
experim ental and  theo re tica l uncerta in ties are corre la ted  across categories during  th e  fit, 
reflecting th e ir  com m on derivation  and  ca lib ra tion . S ignal-injection tests , perform ed by 
adding  sim ulated  signal to  th e  expected background, confirm ed th e  linearity  of th e  fit w ith  
no bias in .
T he resu lts of th e  fits to  th e  m bb d is trib u tio n s in d a ta  are shown in figure 5 , w ith  






Source of abso lu te  u n certa in ty a ( p H ) down a (p H ) up
S ta tis tica l
D a ta  sta tis tica l —0.78 +0.80
Bkg. fit shapes —0.19 + 0 .2 2
Bkg. fit norm alizations —0.51 +0.52
Z  boson norm alizations —0.15 +0.14
S ystem atic
Spurious signal —0.24 + 0 .2 1
T heoretical —0 .0 1 +0.08
P h o to n —0 .0 1 +0.03
Je t —0.06 + 0 . 2 0
b-tagging —0 .0 2 + 0 .1 1
A uxiliary —0 .0 1 +0.04
T otal —0.99 +1.04
T otal s ta tis tica l —0.96 +0.99
T otal system atic —0.25 +0.32
T ab le  3. The effect of the uncertainties on the signal strength. The dominant contributions are 
from the statistical uncertainty of the dataset, background fit uncertainties, and the spurious-signal 
uncertainty. The statistical uncertainty is calculated by fixing the background fit parameters to 
their nominal values. Individual uncertainties are then combined to give the total within each 
group. The small uncertainties from pile-up effects, luminosity measurements, and trigger scale 
factors are grouped under ‘Auxiliary’ uncertainty.
T he inclusive signal s tren g th  p H and  th e  V B F signal s tren g th  p VBF are b o th  1.3 ±  1.0. T he 
sim ilarity  of th e  resu lts is due to  th e  nearly  negligible co n trib u tio n  from  o th er Higgs boson 
p rod u c tio n  m odes in th e  V B F -enhanced  phase space, defined by th e  high m j j  requirem ent. 
If  th e  inclusive signal s tren g th  is fit as th ree  sep ara te  p aram eters  of in terest, th e  results 
are p #  =  0.7 ±  1 .1 ,3 .8 - + ,  and  3 .8 + /3  in th e  H ighB D T , M edium B D T , and Low B D T 
categories, respectively.
T he Z  norm alization  factors ob ta in ed  from  th e  fit are p z  =  1.9 ±  1.2,1.5 ±  1.1 and 
—1.3+ 1' 2 in th e  H ighB D T , M edium B D T, and  Low B D T categories, respectively. T he Z  nor­
m alization  and  th e  p #  signal s tren g th  have a correlation  of 15% in th e  H ighB D T  category  
b u t are uncorre la ted  in th e  o th er categories. If  th e  Z  norm alization  factors are  constra ined  
to  be non-negative, th e  change to  th e  com bined Higgs boson signal s tren g th  p H is w ith in  
rounding  errors.
T his m easurem ent is consisten t w ith  previous resu lts [6 ]. T he dom inan t u n certa in ty  
in th e  resu lt is th e  s ta tis tica l u n ce rta in ty  of th e  lim ited d a ta  sam ple, followed by th e  back­
ground fit uncerta in ties and  th e  spurious-signal uncertain ty . T he relative con tribu tions 
from  those and  o th er uncerta in ties are shown in tab le  3 . Im pac ts  from  individual con tri­
b u tions are es tim ated  as th e  difference in q u ad ra tu re  betw een th e  Higgs signal s tren g th  
u ncerta in ties w ith  each nuisance p aram ete r floating and  fixed. T he asym m etry  observed in 
som e of th e  system atic  uncerta in ties is due to  th e  lim ited  m easurem ent sensitivity: during  






F ig u re  6 . The combined m bb distribution, after subtracting the fitted non-resonant bbyjj back­
ground, summed over the three BDT categories weighted by S /B  in each category, where S and B  
are the fitted Higgs boson signal yield and Z y j j  +  bbyjj background yield, respectively, calculated 
in the mass window containing 6 8 % of the Higgs boson signal. The expected contributions of H y j j  
and Z y jj  are also shown, scaled by the fitted Higgs boson signal strength and the Z y j j  normaliza­
tion factors in the three BDT categories. The statistical uncertainty of the fitted non-resonant bbyjj 
background is represented by the hatched band. The statistical uncertainty on data is represented 
by the error bars on the data points.
T he com bined m ass d is trib u tio n  for th e  th ree  B D T  categories, a fte r th e  non-resonant 
b b y jj background co n trib u tio n  has been su b trac ted , is shown in figure 6 . T he events in each 
B D T  category  have been weighted by th e  signal-to-background ra tio  S / B , as calcu lated  
from  th e  fitted  signal and  background con tribu tions in th e  6 8 % confidence-interval m ass 
w indow around  th e  Higgs boson signal peak.
10 C onclusion
A search has been conducted  for th e  SM Higgs boson produced  in association  w ith  a 
high-energy pho ton  in th e  H ( ^  b b )y jj s ignature, w ith  a focus on th e  phase space typ ical 
of vector-boson fusion. T he search used th e  full LHC R un  2 d a ta se t of p ro ton -p ro ton  
collisions a t a /s =  13TeV , corresponding  to  an  in teg ra ted  lum inosity  of 132 fb - 1  collected 
w ith  th e  ATLAS d etec to r. A B D T  is used to  sep ara te  events in to  categories, and th e  m bb 
d is trib u tio n  is fit to  ex tra c t th e  Higgs boson signal p roduc tion  ra te . T he m easured Higgs 
boson signal s tren g th  re la tive to  th e  SM pred ic tion  is p H =  1.3 ±  1.0. T his corresponds 
to  an  observed signal significance of 1.3 s tan d a rd  deviations, com pared  to  an  expected  
significance of 1.0 s tan d a rd  deviations. T he im provem ent over th e  previous m easurem ent 
of p H =  2.3 ±  1.8 comes from  th e  larger d a ta se t, th e  u p d a ted  B D T , and  m ore precise 
M onte C arlo m odelling.
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